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ABSTRACT 
 
Full Name : Mohamad Omar Alfawakhiry 
Thesis Title : Synthesis, characterization and photocatalytic application of 
nanostructured tungsten oxide/graphene nanocomposites 
Major Field : Chemistry 
Date of Degree : 2014 
This research studies different types of hydrothermally synthesized nanostructured 
tungsten oxide and the effect of the presence of oxalic acid and hydrochloric acid on the 
morphology and the nanosize of the synthesized crystals. The work contains three 
nanocomposites of tungsten oxide including deposition of platinum nanoparticles 
(Pt/WO3), tungsten oxide - graphene nanocomposite (WO3/graphene) and platinum 
nanoparticles- tungsten oxide - graphene nanocomposite (Pt/WO3/graphene).  The work 
includes examination of parameters such as the best concentrations, ratios and conditions 
for the heterogeneous photocatalytic oxidation of benzyl alcohol, 4-methoxy benzyl 
alcohol and cinnamyl alcohol in aqueous suspensions at ambient conditions under 
simulated sunlight. The work includes nanostructured tungsten oxide characterization by 
means of field emission scanning electron microscope, X-ray diffractometer, Surface 
Area & Porosity Analyzer, Nano/Micro Particles Analyzer, X-ray photoelectron 
spectrometer and UV-Vis spectroscope.  The presence of platinum nanoparticles on 
tungsten oxide surface was characterized by transmission electron microscope, Graphene 
nanocomposite characterization was conducted by field emission scanning electron 
microscope, Raman spectrometer and Fourier transform infrared spectroscope. The 
results show that the photocatalytic activity of nanostructured tungsten oxide differs with 
the morphology and the crystals size. Also shows high improvement in photocatalytic 
activity was observed by deposition of platinum with high conversion and selectivity, and 
even higher conversion using Pt/WO3/graphene. 
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1 CHAPTER 1 
INTRODUCTION 
1.1 Semiconductors for photocatalysis 
Due to their properties including the electrical, surface area, band gap energy, and optical 
properties, semiconductors have gained the attention for different physical and chemical 
applications like catalysis, photocatalysis, electronics and sensing. 
      Generally, the mechanism of photocatalysis in semiconductors involves the irradiation by 
light of energy equal or greater than the band gap energy of the catalyst to excite the electron 
from the valence band (VB)  into the conducting band (CB), creating an excited electron-
positive hole pair, known as the primary charge carrier species. The electron-hole pair can 
achieve redox reactions with electron donors and electron acceptors adsorbed on the 
semiconductor surface for the formation of highly oxidizing radical species (i.e., hydroxyl 
radicals), unless they recombine and return to the ground state and release the energy 
adsorbed as heat. These oxidizing species will react with the organic compounds to form the 
products of the reaction [1-3]. Figure 1.1 shows a representation of photocatalysis mechanism 
in TiO2 reproduced from [4]. 
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Figure ‎1.1 : Mechanism representation of photocatalysis [4] 
 
1.2 Photocatalytic properties of nanostructured tungsten oxide 
        Tungsten oxide is a unique semiconductor. Because of its absorption of the visible light 
radiation and its suitable band gap, tungsten oxide is a favorable semiconductor for 
photocatalytic applications [5-7]. Bulk tungsten oxide has insufficient photocatalytic activity 
due to the comparatively little interaction between the radiation and the surface of tungsten 
oxide. However, the photocatalytic activity can be improved by nanostructured forms resulted 
from the drastic increasing in the specific surface area leading to an increase in the speed and 
yield of the photocatalytic reactions. Synthesis of nanostructured semiconductor can be 
achieved by many ways like sol-gel preparation and hydrothermal synthesis [8, 9] which 
considered common techniques for nanostructured materials synthesis [10]. In which 
methods, the crystallization is carried out in superheated aqueous solutions at relatively high 
pressure [11]. Different hydrothermally synthesized tungsten oxide were prepared [12] and it 
3 
 
has been reported that conditions like PH, presence of some salts and the solvent could hugely 
affect the nanosize and the morphology of the structure [13-15]. Field emission scanning 
electron microscope, X-ray diffractometer, particle size analyzer and BET surface area 
analyzer are used to characterize the morphology, crystal phase, particle size distribution and 
specific surface area respectively [16].  
1.3 Platinum nanoparticles deposition on MOS   
       Because of its metallic character, platinum nanoparticles have an electron acceptor 
property which allows holding electrons and reduces their recombination with holes. This 
makes the holes more available. The presence of platinum nanoparticles on the surface of a 
metal oxide semiconductor (MOS) leads to huge enhancement of the photocatalytic properties 
for the oxidation reactions [17, 18]. The presence of platinum nanoparticles on MOS can be 
confirmed by transmission electron microscope [19, 20]. 
1.4 Graphene/MOS nanocomposites 
         Graphene, a two-dimensional with π-conjugation structure of carbon, has been used in 
several fields especially photocatalysis for enhancing the properties of the photocatalyst [21-
23]. The mechanism of such enhancement could be by (i) Electron capturing and 
consequently reducing the recombination of electron-hole pairs, (ii) Increasing the specific 
surface area of the photocatalyst and (iii) Facilitating the absorption of the organic molecules 
by the strong π-π interaction with graphene [24]. The chemical exfoliation method of 
graphene synthesis can be achieved by; (i) oxidation of graphite into graphite oxide, (ii) 
exfoliation of graphite oxide layers into graphene oxide and (iii) finally, reduction of graphene 
oxide into graphene [25-27].    
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      Metal oxide - graphene nanocomposite can be synthesized by many methods including the 
hydrothermal method where graphene oxide mixed with the metal oxide and a reducing agent 
[28]. Another method is by making metal oxide – graphene oxide nanocomposite and then 
reduce it photocatalytically into metal oxide - graphene nanocomposite [29]. Sonication of the 
suspension of metal oxide with graphene was also reported [30]. Metal oxide/graphene 
nanocomposite can be characterized by; field emission scanning electron microscope for the 
morphology and the composition, Raman spectrometer for graphene structure. Fourier 
transform infrared spectroscope for the bonding between metal oxide and graphene [31, 32]. 
      In this study, different forms of nanostructured tungsten oxide were prepared and several 
techniques were employed for characterization including SEM, BET, PSA, XPS and UV-Vis 
spectroscopy. The photocatalytic activity toward oxidation of alcohols was investigated. 
Conditions, such as concentrations and ratios, for the oxidation of the selected alcohols were 
optimized. Platinum nanoparticles deposition and/or graphene addition on tungsten oxide 
were also achieved. 
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2 CHAPTER 2 
LITERATURE REVIEW 
2.1 Classical methods for oxidation of alcohols  
      Oxidation of alcohol to aldehyde and ketone is a very important reaction to a wide range 
of industries, such as pharmaceuticals and petrochemical industries [33]. There are many 
classical methods for oxidation of alcohols to aldehydes including Collins, Corey-Schmidt, 
Moffatt, Dess-Martin and NaOCl reaction. In Collins reaction, CrO3 and pyridine are the 
reaction reagents; the reaction requires large excess of the reagents to be completed [34]. 
Corey-Schmidt reaction uses pyridinium dichromate as a reagent and under mild conditions to 
give aldehyde in conjugated alcohols and carboxylic acid in non-conjugated alcohols [35]. 
Moffatt reaction uses dimethyl sulfoxide and dicyclohexylcarbodiimide. Although it reacts 
under mild conditions but it suffers from elimination reactions especially in tertiary alcohols 
[36]. Dess-Martin reagent, periodinane is very selective reagent, which reacts with alcohols to 
give aldehydes while nitrogen and sulfur functions keep untouched [37]. NaOCl reacts 
selectively with 2° alcohols in presence of 1° alcohols to give the corresponding aldehydes 
[38]. Although alcohol can be oxidized to aldehyde by many ways, the need of high 
temperature and stoichiometric amount of the oxidant is the problems for those methods. 
Therefore, finding an alternative, inexpensive, environmental way is highly desirable [39]. 
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2.2 Photocatalysis for oxidation of alcohols 
2.2.1 Titanium dioxide 
    Titanium dioxide is a widely used photocatalyst because of its high catalytic activity due to 
the long lifetime of electron/hole pairs, the appropriate band edge position, and the good 
adsorption/desorption rate of reactants (especially oxygen) as well as good chemical stability 
[40]. Thus, TiO2 is considered an effective photocatalyst for the degradation of organic 
compounds in gaseous and aqueous systems including the decomposition of acetaldehyde 
[41], acetone [42], chloroform [43], chlorophenols [44], and many other organic compounds. 
However, the formation of active oxygen species, such as OH
• 
and O2
•-
 that can randomly 
attack any position of the organic compound hinder the selectivity of TiO2 as a photocatalyst 
under UV radiation [45]. The first attempt to use TiO2 for the oxidation of benzyl alcohol to 
benzaldehyde was by Yurdakal et al.. The study uses nanostructured Rutile TiO2 with 
different degree of crystallinity in aqueous solution. They reported on large effect of the 
crystallinity on the selectivity of the reaction [46]. Table 2.1 shows that Rutile TiO2 with 
smaller crystallite size gives better selectivity and the best selectivity is 38 % for BA (benzyl 
alcohol) and 60% for MPA (4-methoxy benzyl alcohol) by using HP333 (home prepared 
catalyst). The improvement in case of MPA can be explained by considering the presence of 
the electron releasing methoxy group in the para position [46].  
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Table ‎2.1 : Effect of the crystallite size on the selectivity [46] 
 
a
 The experimental results refer to BA oxidation, except that indicated as HP333-MBA and SA-MBA, referring 
to MBA. 
b
 Irradiation time (tirr) and selectivity (to aldehyde) are calculated for alcohol conversion of 50%. 
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     Li et al. reported that single-crystalline rutile TiO2 nanorods can partially oxidize benzyl 
alcohol into benzaldehyde with high selectivity under visible light radiation, 27% conversion 
and > 99 % selectivity were reported in this work while previous works show that rutile 
nanoparticles TiO2 has selectivity of 38 % and 42 % as shown in figure 2.1. By such materials, 
working under visible light radiation increases the selectivity and decrease the conversion of 
the reaction [47]. To improve the conversion of the reaction of TiO2 under visible light 
radiation, Higashimoto et al. suggested working under gas phase purged by pure oxygen. The 
study reported that the photocatalytic oxidation of benzyl alcohol into benzaldehyde 
performed at high conversion rate of > 99 % and high selectivity of   > 99 % on TiO2 in the 
presence of O2 under visible light irradiation [48]. In another study, Higashimoto et al. 
suggested that modifying the surface of TiO2 with iron (III) ion improves the conversion under 
visible light radiation. Table 2.2 [48] demonstrates that only iron (III) ion improved the 
conversion of the reaction from 47% to 74% (the initial concentration is 50 µmol) while other 
ions decrease the conversion compared to pure TiO2 of the reaction. The key factors for 
generating such highly active photocatalytic system are considered as follows: (1) the efficient 
electronic transitions from the energy levels constructed by the oxygen 2p orbitals of the 
alcoholate species hybridized with the occupied Fe 3d orbitals to the CB of the TiO2, (2) 
electron transfers to the unoccupied Fe 3d orbitals as the acceptor levels accompanied by O2 
reduction with two and/or four electrons [49].  
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Comparison of selectivity for partial oxidation of benzyl alcohol over obtained rutile TiO2 nanorods under 
visible-light irradiation with the reported results for rutile nanoparticles under UV light irradiation. 
Figure ‎2.1 : Effect of working on visible light radiation on selectivity [47]   
 
 
 
Table ‎2.2 : Effect of loaded metal ion on TiO2 on the reaction yields [49] 
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2.2.2 Semiconductors modified by transition metals 
    Transition metals deposition on the surface of the semiconductor is performed in order to 
improve its photocatalytic properties. Pan et al. examined the effect of platinum, palladium 
and silver nanoparticles deposition on the photocatalytic activity of TiO2 toward oxidation of 
benzyl alcohol under visible light radiation. The aforementioned transition metals were 
reported to enhance the photocatalytic activity with selectivity >99%, while Pd/TiO2 shows 
the highest conversion with 65 % then platinum with 23 %, silver shows only 12 % 
conversion, figure 2.2, reproduced from [50]. Another study made by Zhang et al. showed the 
photocatalytic properties of palladium on cerium oxide on the oxidation of alcohol under 
visible light radiation. The study compared between Multi-Pd Core@CeO2 Shell 
nanocomposite and supported Pd/CeO2 nanocomposite, Table 2.3 (reproduced from [51]). It 
reported Pd Core@CeO2 Shell nanocomposite with higher conversion and selectivity than the 
supported one. The table shows decreasing in the conversion in methyl, methoxy and nitro 
group on the benzene ring, while it shows improvement in case of halogen substituent Cl and 
F [51]. 
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Figure ‎2.2 : Effect of different noble metal on the conversion [50] 
 
Table ‎2.3 : Effect of different alcohol on selectivity and conversion of Pd/CeO2 [51] 
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     Tanaka et al. reported on the gold nanoparticles loaded on ceria for photocatalytic 
applications. Au/CeO2 was prepared by the multistep (MS) photodeposition method and by 
using the single-step (SS) photodeposition method. The MS- and SS Au/ CeO2 were used for 
selective oxidation of benzyl alcohols to corresponding benzaldehyde in aqueous suspensions 
under irradiation by visible light from a green LED. It was reported that the selectivity is 
(>99%) at >99% conversion of benzyl alcohol. In the study also a comparison between 
photocatalytic activity of MS- and SS Au/ CeO2 for different sort of alcohols, indicated that 
both methods give perfect selectivity in all alcohols. It also shows that MS Au/ CeO2 give 
better conversion than SS Au/ CeO2, Table 2.4. The study showed that gold nanoparticles in 
MS are bigger than those in SS. This indicates that the external surface area of Au 
nanoparticles rather than the Au content is one of the important factors controlling the 
reaction rate of Au/CeO2 under visible light irradiation [52]. 
Table ‎2.4 : Effect of different alcohol on selectivity and conversion on Au/CeO2 [52] 
 
a
 Photocatalytic reactions: Au/CeO2, 50 mg; water, 5 cm3; O2, 1 atm; green LED, 1.7 mW cm−2.                                       
  
b 
Determined by GC using the internal standard method. 
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2.2.3 Semiconductors modified by graphene  
There are different types of graphene that have different properties, and consequently suitable 
for specific applications. For instance, graphene with large sheet size isn’t semiconductor 
because of its zero band gap. However, when graphene has narrow widths (<~30 nm), the 
energy gap fluctuate between 0 to 0.5 eV [53]. Bilayers and multilayers graphene have smaller 
specific surface area than monolayer graphene. Thus, they improve the photocatalytic 
properties when introduced to semiconductors less efficiently compared to monolayer 
graphene [54]. Graphene with oxygen containing functionalities or graphene oxide is not 
stable under irradiation of the semiconductor because it can be reduced into graphene [55]. 
However, graphene is stable material and can be better photocatalyst supporter than graphene 
oxide. Zhang et al. investigated the effect of graphene on the photocatalytic properties of 
cadmium sulfide on the photocatalytic oxidation of benzyl alcohol to corresponding aldehyde, 
figure 2.3(reproduced from [56]). Comparing pure CdS with mixtures of different ratios of 
CdS/graphene, the conversion was enhanced with optimum ratio of 5% graphene with 43 % 
conversion and  > 99% selectivity. However the conversion was reported to decrease under 
higher graphene content. Relatively high weight ratio of Gn in CdS/graphene nanocomposites 
would lower the contact surface of semiconductor CdS nanoparticles with the light 
illumination, thus leading to a decreased photocatalytic activity, which accounts for the 
decline in the conversion [56]. 
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Photocatalytic selective oxidation of benzyl alcohol to benzaldehyde under the visible light irradiation for 4 h over the as-
prepared samples: (a) blank-CdS; (b) CdS_1% GR; (c) CdS_5% GR; (d) CdS_10% GR; (e) CdS_30% GR nanocomposites. 
Note: C & Y is short for conversion and yield. 
Figure ‎2.3 : Effect of graphene content in CdS/Gn photocatalytic activity [56]  
    In another study, Yang et al. prepared fullerene, carbon nanotube, and graphene/TiO2 
nanocomposite, and compared their photocatalytic properties for the oxidation of benzyl 
alcohol under visible light irradiation. The study investigated different carbon ratios and 
reported on the photocatalytic activities of the composites with optimum ratios are TiO2−0.1% 
Gn, TiO2−0.5% CNT, and TiO2−1.0% C60. The conversions of benzyl alcohol are all close to 
each other (ca. 40%), along with the selectivity higher than 95%. The present work suggested 
that the photocatalytic performance of TiO2−carbon is significantly affected by the 
preparation methods. The change in preparation methods causes the difference in structural 
composition and synergetic interaction between TiO2 and carbon, which thus influences the 
photocatalytic performance of TiO2−carbon composites. Graphene is more popular than other 
nanocarbon materials (CNT and C60) at present with regard to synthesis and application of 
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semiconductor−carbon composite photocatalysts. So it seems too early to draw a definitely 
decisive answer for graphene’s unique superiority to other carbon allotropes on improving the 
photocatalytic performance of semiconductors [57]. 
Using tungsten oxide for photocatalytic applications, such as O2 production, H2 Production, 
and organic compound degradation, were reported in literatures as below: 
Application Irradiation Ref. Number 
H2 production Visible [5] 
O2 production Simulated sunlight [6] 
Methylene blue 
degradation 
UV [7] 
 
However, photocatalytic oxidation of alcohols using tungsten oxide isn’t to the best of our 
knowledge reported in literature. 
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3 CHAPTER 3 
RESEARCH OBJECTIVE 
The aim of this study was: 
1) To synthesize nanostructured tungsten oxide hydrothermally and examine the effect of the 
presence of hydrochloric acid and oxalic acid on the morphology and nanosize of the 
prepared crystals, and investigate its photocatalytic activity toward oxidation of some 
alcohols in aqueous solutions under simulated sunlight. 
2) To improve the photocatalytic activity of the prepared nanostructured tungsten oxide  by: 
A) The deposition of platinum nanoparticles on nanostructured tungsten oxide.  
B) Synthesis of nanocomposite tungsten oxide/graphene. 
C) Synthesis of the nanocomposite platinum/tungsten oxide/graphene. 
3) To characterize the synthesized materials by field emission scanning electron microscope, 
X-ray diffractometer, Surface Area & Porosity Analyzer and Nano/Micro Particles size 
Analyzer, UV-Vis spectroscope, X-ray photoelectron spectroscope, transmission electron 
microscope, Raman spectrometer and Fourier transform infrared spectroscope. 
4) To optimize the process in order to achieve the highest conversion and selectivity of the 
selected alcohols to their corresponding aldehydes including optimizing time, alcohol 
concentration, catalyst concentration, percentage of the platinum and graphene in the 
compositions and the presence of oxygen and nitrogen in the solution. 
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4 CHAPTER 4 
METHODOLOGY & RESEARCH DESCRIPTION 
4.1 Chemicals  
The following chemicals were used; Sodium tungstate dehydrate, potassium dichromate 
(Sigma Aldrich >99%), hydrochloric acid (Sigma Aldrich >37%), oxalic acid (Fisher 
scientific >99.99%), sulfuric acid (Eurostar scientific 98%), ethanol (sigma Aldrich >99.5%), 
graphite (Fluka Chemical 99%), tungstic acid, hydrazine hydrate (Janssen Chimica 80%),  
hexachloroplatinic acid, benzyl alcohol, benzaldehyde, 4-methoxy benzyl alcohol (Sigma 
Aldrich >99.99%), Cinnamyl alcohol (Acros Organics 98% trans) , chloroform (Sigma 
Aldrich >99.8%), O2 and N2 cylinders (99.9999%). 
4.2 Synthesis 
4.2.1 Nanostructured tungsten oxide synthesis 
Three different nanostructured tungsten oxides were synthesized by hydrothermal process. 
The first one (WO3-A) was prepared by mixing 1.42 gram of sodium tungstate with excessive 
amount of hydrochloric acid (3 ml of 37 %) in 65 ml deionized water. After stirring, the 
resulting suspension was transferred into a 100 ml Teflon-lined hydrothermal vessel and was 
heated at 200 for 24 hours. Afterward, the catalyst was centrifuged, washed with water and 
dried at 80°C. The second one (WO3-B) was prepared by replacing hydrochloric acid with 
oxalic acid (equivalent weight of sodium tungstate) in the aforementioned method, and the 
last one (WO3-C) was prepared by replacing the excessive amount of hydrochloric acid with 
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equivalent amount of hydrochloric acid and 0.142 gram of oxalic acid, the following 
equations explain the synthesis steps:       
Na2WO4 + 2 HCl → 2 NaCl + H2WO4 
H2WO4 + heat → H2O + WO3 
The bulk tungestin oxide prepared by heating tungestic acide for 12 hours at 200 
0
 C. 
 
4.2.2 Platinum nanoparticles deposition on tungsten oxide  
The deposition of Pt onto WO3 surface was performed photocatalytically; To 100 mL water, 
required amount of hexachloroplatinic acid (H2PtCl6) and (WO3) was added. The suspension 
was stirred and purged with high purity nitrogen gas for about 30 min, to remove dissolved 
oxygen 10 vol. % methanol was added as an electron donor. Irradiations were carried out 
under simulated sunlight for 4 hours. After irradiation, the metal loaded catalyst was washed 
with ethanol and separated through centrifugation and dried [58]. Below is the proposed 
equation for the reduction reaction that takes place during the deposition of the platinum: 
H2PtCl6 + 4 e
 -
 + hυ → Pt + 2H+ + 6 Cl – 
4.2.3 Graphene nanocomposite synthesis  
4.2.3.1 Synthesis of graphene nanosheets: 
5g of graphite was added into 200 ml concentrated sulfuric acid (98%), and the resulting 
solution was transferred to an ice bath and 35g of potassium dichromate was added very 
slowly and the solution was kept under stirring for 7 days at room temperature. The resulting 
graphite oxide was washed thoroughly and then exfoliated to graphene oxide by 
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ultrasonicator. Graphene oxide was reduced into graphene by stirring  graphene oxide solution 
with hydrazine for 24 h at 95°C and the final product were washed, and vacuum-dried [59]. 
 
4.2.3.2 Synthesis of nanocomposites: 
Synthesis of WO3/Gn nanocomposite was carried out by two methods. In the first method, 
WO3 was mixed with graphene layers in an ethanol solution. The solution was homogenized 
by ultrasonicator, followed by centrifuging, washing and drying. In the second method, WO3 
was mixed with graphene layers and homogenized by ultrasonicator in in 65 ml water, After 
that, the solution was transferred into a 100 ml Teflon-lined hydrothermal vessel and heated at 
200°C for 24 hours where the deposition of photocatalyst on graphene surface was achieved. 
The products were separated by centrifugation, washed and dried. The synthesis of 
Pt/WO3/Gn nanocomposite was carried out by photocatalytic deposition of platinum on 
hydrothermally prepared WO3/Gn nanocomposite. Table 4.1 shows the list of the prepared 
catalysts in this study [60]. 
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Table ‎4.1 : List of the prepared catalysts 
1 Nanostructured WO3-A (prepared in the presence of  hydrochloric acid)   
2 Nanostructured WO3-B (prepared in the presence of  oxalic acid)   
3 Nanostructured WO3-C (prepared in the presence of  oxalic acid and hydrochloric acid )   
4  0.5 % platinum in Pt/WO3  
5  1 % platinum in Pt/WO3  
6  1.5 % platinum in Pt/WO3  
7  2 % platinum in Pt/WO3  
8  2.5 % platinum in Pt/WO3  
9 0.5 % Graphene in WO3/Gn mix. 
10 1 % Graphene in WO3/Gn mix. 
11 2.5 % Graphene in WO3/Gn mix. 
12 5 % Graphene in WO3/Gn mix. 
13 WO3/Gn nanocomposite  
14 Pt/WO3/Gn nanocomposite 
 
 
 
21 
 
 
4.3 Characterization 
Tungsten oxide was characterized by Field emission scanning electron microscope, X-ray 
diffractometer, Surface Area & Porosity Analyzer and Nano/Micro Particles Analyzer, UV-
Vis spectroscope, X-ray photoelectron spectroscope. The presence of platinum on tungsten 
oxide surface was characterized by transmission electron microscope. Graphene 
nanocomposites were characterized by Field emission scanning electron microscope, Raman 
spectrometer and Fourier transform infrared spectroscope. 
4.4 Photocatalytic evaluation  
The photocatalytic activity of nanostructured tungsten oxide and its nanocomposites on the 
oxidation of the aforementioned alcohols were evaluated in a photochemical reactor and the 
Irradiation was performed using simulated sunlight lamp. Experimental parameters, such as 
different time, conditions, concentrations and catalyst compositions, were optimized. Benzyl 
alcohol was selected to be model alcohol in the study. Table 4.2 shows the list of 
photocatalytic experiments.    
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Table ‎4.2 : List of photocatalytic reactions 
1 Bulk WO3   
2 Nanostructured WO3-A 
3 Nanostructured WO3-B 
4 Nanostructured WO3-C 
5 Nanostructured WO3-C without the irradiation 
6 Irradiation without catalyst 
7 Concentration of the catalyst : 0.5 g/L 
8 Concentration of the catalyst : 1 g/L 
9 Concentration of the catalyst : 2 g/L 
10 Concentration of the catalyst : 3 g/L 
11 Concentration of the reactant : 0.5 mmol/L 
12 Concentration of the reactant : 1 mmol/L 
13 Concentration of the reactant : 1.5 mmol/L 
14 Concentration of the reactant : 2 mmol/L 
15 Platinum percentage in Pt/WO3 :  0.5 % 
16 Platinum percentage in Pt/WO3 : 1 % 
17 Platinum percentage in Pt/WO3 : 1.5 % 
18 Platinum percentage in Pt/WO3 : 2 % 
19 Platinum percentage in Pt/WO3 : 2.5 % 
20 4-methoxy benzyl alcohol with Pt/WO3 
21 Cinnamyl alcohol with Pt/WO3 
22 O2 bubbling under optima  
23 N2 bubbling under optima  
24 Graphene percentage in WO3/Gn : 0.5 % 
25 Graphene percentage in WO3/Gn : 1 % 
26 Graphene percentage in WO3/Gn : 2.5 % 
27 Graphene percentage in WO3/Gn  : 5 % 
28 Benzyl alcohol with WO3/Gn nanocomposite  
29 4-methoxy benzyl alcohol with WO3/Gn nanocomposite 
30 Cinnamyl alcohol with WO3/Gn nanocomposite  
31 Benzyl alcohol with Pt/WO3/Gn nanocomposite 
32 4-methoxy benzyl alcohol with Pt/WO3/Gn nanocomposite 
33 Cinnamyl alcohol with Pt/WO3/Gn nanocomposite 
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4.5 Samples analysis: 
4.5.1 Samples preparation  
  The alcohols in the matrix were analyzed qualitatively and quantitatively every 2 hours in 12 
hours. The samples were collected from the reactor via syringe and filtered to get rid of the 
insoluble catalyst by the syringe filter. Then they were extracted by adding 2 ml of chloroform 
to an equivalent volume of the reaction solution, shaking them vigorously for two minutes. 
The collected chloroform layer was analyzed by GC-MS via autosampler.  
4.5.2 Calibration curves for quantification of the studied alcohols  
To calculate the concentration of the alcohols in the matrix, external standard calibration was 
applied by preparing series of known concentrations of the alcohols (5, 1.5, 1, 0.5, 0.25 and 
0.125 mmol/L) in water, then extracted and injected in GC-MS. The conversion of the 
reaction calculated by the following equations: 
 Conversion (%) = [(C0 − Calcohol) /C0] × 100 
Where, C0 is the initial concentration of alcohol, and Calcohol the concentration of benzyl 
alcohol at determined time during the reaction. 
Because of its highly volatile properties, aldehydes were unable to detect quantitatively, but 
because of the absence of any byproduct in the chromatograph, aldehydes were considered to 
be the only product with >99% selectivity. 
 Figure 4.1 shows the calibration curves for quantification of the studied alcohols and it shows 
R-squared value close to one in all alcohols indicating to very good linearity and precise 
measurements. Appendix A shows details GC-MS running parameters for the studied alcohol. 
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Figure ‎4.1: Calibration curves for quantification of the studied alcohols 
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5 CHAPTER 5 
RESULTS AND DISCUSSION 
5.1 Catalysts characterization 
5.1.1 Characterization of nanostructured tungsten oxide 
The three synthesized forms of nanostructured tungsten oxide, WO3-A, WO3-B and  WO3-C 
were characterized by X Ray Diffractometer, surface area and porosity analyzer (BET), 
particles size analyzer, field emission scanning electron microscope, UV-Vis spectroscope 
and X-ray photoelectron spectroscope. 
5.1.1.1 X Ray Diffraction analysis 
X-Ray diffraction was performed for WO3-A, WO3-B, WO3-C. Figure 5.1 and figure 
5.3 shows XRD pattern of WO3-A and WO3-C respectively, which confirmed that 
WO3-A and   WO3-C have monoclinic crystalline structure. However, XRD pattern 
of WO3-B (figure 5.2) confirmed that it has hexagonal crystalline structure. It is 
worth to mention that previous study suggests that monoclinic tungsten oxide has 
better photocatalytic activity than hexagonal tungsten oxide    [61]. 
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Figure ‎5.1 : XRD pattern of WO3-A 
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Figure ‎5.2 : XRD pattern of WO3-B 
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Figure ‎5.3 : XRD pattern of WO3-C 
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5.1.1.2 Surface area and porosity analysis 
The prepared nanostructured tungsten oxides were characterized by surface area and porosity 
analyzer to examine their porosity and surface area, Figure 5.4, figure 5.5 and figure 5.6 are 
the Isothermal linear plots of WO3-A, WO3- B, WO3-C respectively. Where WO3-A has the 
lowest Langmuir surface area with (7.0155 m²/g), WO3-B has the highest Langmuir surface 
area with (58.3968 m²/g). This is probably due to the presence of oxalic acid in the autoclave, 
which decomposes into CO2 gas which increases the porosity and consequently the surface 
area. WO3-C (prepared in the presence of 10% oxalic acid) shows less porosity than WO3-A  
and more porosity than WO3-B with Langmuir surface area (40.4485 m²/g). The BJH 
Adsorption average pore width of WO3-A, WO3- B and WO3-C are 427.012 Å, 131.368 Å and 
84.511 Å respectively, Appendix B shows the detailed BET analysis of WO3. 
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Figure ‎5.4 : Isothermal linear plot and pore width distribution of WO3 - A 
 
 
 
 
 
 
 
 
 
31 
 
 
 
 
 
 
Figure ‎5.5 : Isothermal linear plot and pore width distribution of WO3 - B 
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Figure ‎5.6 : Isothermal linear plot and pore width distribution of WO3-C 
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5.1.1.3 Particles size analysis 
The surface area of a material comes from the outer surface and the pores. BET provides the 
surface area of the overall surface. Particle size analyzer provides the surface area of the 
particles as a spherical entity regardless of the surface that came from pores. Figure 5.7 shows 
the particle distribution of WO3-A with 71 % of the particles larger than 30 microns and 80% 
larger than 10 microns. Figure 5.8 shows the particle distribution of WO3-B with 70 % of the 
particles smaller than 5.5 microns and 80% smaller than 50 microns. The analysis also shows 
that the mean size (Mz) of WO3-A is 109.0 and the calculated surface is 1.128, whereas Mz of 
WO3-B is 38.8 and the calculated surface is 5.13. Appendix C shows the detailed Particles 
size analysis of WO3-A and WO3-B. 
5.1.1.4 Field emission scanning electron microscopy analysis 
To examine the morphology and the nano size of the prepared WO3, filed emission scanning 
electronic microscope were employed. Figure 5.9 depicts SEM photograph of WO3-A 
indicating that the crystals size is around 30 nanometers and close to spherical morphology. 
Figure 5.10 shows SEM photograph of WO3-B with crystals size of around 50 nanometers 
with organized squired shape crystals. Such crystals shape of tungsten oxide were reported by 
hydrothermal treatment using L(+)-tartaric acid or citric acid as assistant agents [62].      
Figure 5.11 shows that WO3-C has the crystals size of around 20 nanometers with spherical 
shape.  
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Figure ‎5.7 : Particle size distribution of WO3-A 
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Figure ‎5.8 : Particle size distribution of WO3-B 
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Figure ‎5.9 : SEM images of WO3-A 
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Figure ‎5.10 : SEM images of WO3-B 
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Figure ‎5.11 : SEM images of WO3-C 
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5.1.1.5 X-ray photoelectron spectroscopy 
WO3-A and WO3-B were analyzed by X-ray photoelectron spectroscopy (XPS) to determine 
the exact oxidation state of tungsten and to describe oxygen binding with hydrogen. First, we 
will discuss the XPS to determine the exact oxidation state of tungsten. Figure 5.12 shows the 
XPS fitting of tungsten in WO3-A prepared in presence of hydrochloric acid. The blue spectra 
correspond to W 4f 7/2 (the bigger peak at ≈35-36) and W 4f 5/2 of W6+, while the pink 
spectrum correspond to W 4f of W
5+
. The integration of the spectra shows that the ratio (W
6+
: 
W
5+
) is (95.65: 4.35) indicating that WO3-A is most probably WO2.978. Figure 5.13 shows the 
XPS fitting of tungsten in WO3-B. As can be observed form the figure, there is no peak 
corresponding to W
5+
 confirming that W
5+
 didn’t form during the preparation of WO3-B in 
presence of oxalic acid. This may prove that no partial reduction occurred under such 
conditions [63].  
Second, we will discuss the XPS to describe oxygen binding. As shown in figure 5.14, there 
are two types of oxygen bonding in WO3-A. The blue spectrum at 530.6 eV corresponds to 
O
2- 
specie, which represents the majority of oxygen while the pink spectrum at 531.9 eV 
corresponds to O
- 
specie. Thus, the ratio of O
-
/ O
2-
 was found to be 0.15. Figure 5.15 shows 
the XPS fitting of oxygen in WO3-B. The blue spectrum at 530.3 eV corresponds to O
2- 
specie; the orange spectrum at 531.1 eV corresponds to OH specie and the pink spectrum at 
531.8 eV corresponds to O
-
 specie. The ratio O
-
/ O
2-  
is 0.5 while the ratio of OH/ O
2-
 is 0.4. 
Therefore, the number of bridging O atoms (W-O-W) and O atoms with double bonds (W=O) 
are higher in WO3-A comparing with WO3-B; and the number of W-OH groups are less in 
case of WO3-A comparing with WO3-B [64]. The binding energies were corrected for the 
charge shift using the C1s peak (BE= 284.7 eV) as a reference.  
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Figure ‎5.12 : W4f level XPS spectrum of WO3-A 
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Figure ‎5.13 : W4f level XPS spectrum of WO3-B 
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Figure ‎5.14 : O1s-level XPS-spectrum of WO3-A 
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Figure ‎5.15 : O1s-level XPS-spectrum of WO3-B 
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5.1.1.6 UV-Vis spectroscopy  
WO3-A and WO3-B were noticed to have color difference. When WO3-B is yellow just like 
bulk WO3, WO3-A has a blue color. Figure 5.16 shows the significant difference in UV-Vis 
spectroscopy of WO3-A and WO3-B. WO3-A reflects the radiation more in visible spectrum 
and less in UV region. However, this difference in the optical properties could be one of the 
factors that create the photocatalytic activity differences between the synthesized tungsten 
oxides. 
 
5.1.2 Characterization of Pt in Pt/WO3 via TEM 
Platinum nanoparticles on the surface of tungsten oxide were characterized by transmission 
electron microscopy. Figure 5.17 shows the TEM photograph of 2% Platinum/ WO3-A. The 
photograph shows that the platinum crystals have the size of approximately 3 nanometers. 
ESD spectrum to this very spot in the photograph shows the platinum presence on its surface. 
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Figure ‎5.16 : UV-Vis spectroscope of WO3-A (blue) and WO3-B (yellow) 
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Figure ‎5.17 : TEM and EDX spectrum for Pt/WO3 
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5.1.3 Characterization of graphene  
5.1.3.1 Fourier transform infrared spectroscopy analysis  
As mentioned, graphene was prepared by oxidation of graphite into graphite oxide, exfoliation 
of graphite oxide into graphene oxide by ultrasonicator, and then reduction of graphene oxide 
into graphene. Figure 5.18 shows FT-IR spectrum of graphite and graphite oxide. Graphite 
spectrum doesn’t show any oxygen-containing functionality (e.g. O-H and C=O). However, 
graphite oxide spectrum shows many oxygen-containing functionalities like O-H bond at   
3400 cm
-1
 and C=O bond at 1600 cm
-1
 proving that oxidation reaction took place on graphite. 
Figure 5.19 compares between FT-IR spectra of graphene oxide and graphene. The spectra 
show that most of the oxygen-containing functionalities were reduced in case of graphene 
proving that reduction reaction took place on graphene oxide. 
5.1.3.2 Raman spectrometry analysis  
To differentiate between graphene, multilayer graphene and graphite, Raman spectroscopy 
was used. The number of layers can be derived from the ratio of peak intensities of G peak 
(1580 cm
-1
)
 
and 2D peak (2690 cm
-1
) I2D/IG. The I2D/IG value of ~2 indicates monolayer 
graphene. 2> I2D/IG >1 indicates bilayer while I2D/IG <1 indicates multilayers graphene       
[65-67]. 
Figure 5.20 shows Raman spectrum of the prepared graphene, and it demonstrates the 
presence of G and 2D peaks with I2D/IG = 2.05 which indicates that the prepared material 
could be monolayer graphene. 
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Figure ‎5.18 : FT-IR of graphite and graphite oxide   
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Figure ‎5.19 : FT-IR of graphene oxide and graphene 
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Figure ‎5.20 : Raman spectrum of the prepared Graphene 
 
 
 
 
 
51 
 
5.1.4 Characterization of WO3/Gn composite  
5.1.4.1 Field emission scanning electron microscope analysis 
WO3/Gn composite was characterized by field emission electron microscope. Figure 5.21 
shows the FESEM photograph of WO3-A/ graphene with graphene content of 5%. Tungsten 
oxide crystals can easily be observed in the photograph while graphene presence can be 
confirmed by the comparison between secondary electrons (SE) and Back-scattered electrons 
(BSE) (SE left and BSE right). BSE signal is strongly related to the atomic number meaning 
that tungsten has high BSE signal while carbon with its small atomic number  have small BSE 
signal. 
 
5.1.4.2 Energy dispersive X-ray analysis 
EDS (energy dispersive X-ray spectroscopy) was performed on WO3-A/Gn to identify the 
elements and their ratio and their distribution in the composite. Figure 5.22 shows EDS 
spectrum of WO3/Gn with 5% graphene content. The spectrum confirms the presence of 
tungsten, oxygen, and carbon in the composite. Figure 5.23 shows the ratios of the elements in 
different spots of the composite. The ratio of oxygen to tungsten is 3/1 while carbon appears 
to be higher than the content in the composition. This can be explained probably due to the 
adsorption of some carbon-containing gases. Figure 5.24 shows the distribution of the 
elements in the composition, and it demonstrates good distribution of all elements in it.    
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Figure ‎5.21 : SEM images of WO3/Gn 
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Figure ‎5.22 : EDS spectrum of WO3/Gn 
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Figure ‎5.23 : Elements ratios in WO3/Gn 
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Figure ‎5.24 : The distribution of C, O and W in WO3/Gn 
 
 
 
 
56 
 
5.1.4.3 Fourier transform infrared spectroscope analysis  
To confirm the synthesis of the composite, comparison between their FT-IR spectra were 
conducted. Figure 5.25 shows FT-IR spectra of WO3-A/Gn composite and WO3-A/Gn 
mixture, the spectrum shows partial reduction of C=O at 1600 cm
-1
 due to the hydrothermal 
treatment of graphene and WO3-A. The spectrum of WO3-A /Gn composite shows peaks at    
~ 830 cm
-1
 and ~ 3600 cm
-1
 that don’t exist in the mixture, probably due to the formation of 
bonds between WO3 and graphene. 
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Figure ‎5.25 :  FT-IR of WO3/Gn composite and WO3/Gn mixture 
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5.2 Photocatalytic application 
5.2.1 Effect of different nanostructured WO3 
Three forms of nanostructured tungsten oxide were tested, WO3-A (prepared in the presence 
of hydrochloric acid), WO3-B (prepared in the presence of oxalic acid) and WO3-C (prepared 
in the presence of oxalic acid and hydrochloric acid). Figure 5.26 shows that all 
nanostructured tungsten oxides have higher conversion of alcohol than bulk-WO3. This is 
probably due to the increase in the surface area and consequently an increase in the speed of 
the reaction. WO3-B has surface area higher than the surface area of WO3-A though WO3-A 
has better conversion activity (5%) compared to WO3-B (2%), as shown in figure 5.21. This 
can be explained by partial reduction of WO3-A during the hydrothermal synthesis as 
confirmed by XPS by the formation of W
5+
 species in case of WO3-A. This was observed by 
the color of WO3-A turning from yellow into blue during the synthesis [61]. It is well known 
that when W
5+
 species formed in the lattice, a strong absorption of the visible light in 500−800 
nm range occurred [68], leading to an enhancement in the photocatalytic activity. Moreover, 
Oxygen vacancies in WO3-A trap electrons to be stored, and consequently preventing them 
from recombination with holes in the valence band (VB) [69]. WO3-A was selected as an 
optimum tungsten oxide for the research purpose in this thesis.     
5.2.2 Effect of irradiation and catalyst absence  
To prove the importance of the catalyst and the visible light radiation, the reaction was studied 
in the absence of the catalyst and in the absence of the irradiation. No significant conversion 
of alcohol has been detected in both cases, which mean that the presence of both the catalyst 
and irradiation are conditional for the reaction to take place. 
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Figure ‎5.26 :  Effect of different nanostructured WO3 
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5.2.3 Effect of the catalyst concentration 
At first, increasing the concentration of the catalysts increases the reaction conversion because 
of the increase in the interaction area between the catalyst and the reactant. Then the catalysts 
start shielding the reactant from the irradiation which leads to decreasing in the reaction 
conversion. Figure 5.27 shows that increasing the concentration of WO3/Pt lead to an increase 
in the conversion of alcohol. However, at higher concentration, the increasing of the 
conversion of alcohol decelerated. 
For commercial and environmental purposes, decreasing the amount of the catalyst is highly 
desirable, that is why instead of 3 gram/ letter, 2 gram/ letter was selected to be an optimum 
catalyst concentration for this study. 
5.2.4 Effect of alcohol concentration 
Generally, in photocatalysis, increasing the concentration of the reactant causes higher 
possibility of the reaction to take place and that lead to faster and more conversion reaction. 
However, after specific extent, increasing the concentration of the reactant decreases the 
conversion due to an increase in the concentration of the product, which gets adsorbed on the 
catalyst surface, preventing the catalyst to adsorb the reactant and consequently, inhabiting the 
reaction.  
Figure 5.28 shows the effect of alcohol concentration on the conversion percentage when 
different concentrations of benzyl alcohol (0.5, 1, 1.5 and 2) mmol /L were studied. The best 
concentration for this reaction found to be 1.5 mmol /L.  
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Figure ‎5.27 : Effect of the catalyst concentration 
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Figure ‎5.28 : Effect of alcohol concentration 
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5.2.5 Effect of Pt content  
As mentioned previously, platinum nanoparticles increases the photocatalytic activity by 
captivating electrons, decreasing its recombination with holes and consequently making the 
holes more available. Figure 5.29 shows that at first, when platinum content in the catalyst 
increases the photocatalytic activity increases. This is because more electrons were captivated 
by platinum. After that, the photocatalytic activity starts to decrease because of decreasing the 
surface of the interaction between the tungsten oxide and the radiation. The optimum platinum 
content in the composite is 2 percent.  
 
5.2.6 Effect of graphene content  
As mentioned in the introduction, graphene increase the photocatalytic activity of the catalyst 
by preventing the agglomeration of the semiconductor and by its electrons acceptor properties. 
However, absorbing the radiation by graphene may decrease the photocatalytic activity. Thus 
competitive factors lead to a necessity of investigating the optimum content of the graphene in 
the composite. Figure 5.30 shows conversion percent using different graphene content (0.5, 1, 
2.5and 5%). The photocatalytic activity increases in case of small content of graphene, but it 
decreases when this content start to increase and even becomes catalyst inhibitor at 5%. 
Therefore, the optimum graphene content was observed to be 0.5 percent. 
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Figure ‎5.29 : Effect of Pt content 
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Figure ‎5.30 : Effect of graphene content   
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5.2.7 WO3/Gn nanocomposite vs. WO3/Gn mixture  
Figure 5.31 illustrates that WO3/Gn nanocomposite has higher photocatalytic activity 
compared to mechanical mixture of WO3/Gn and that because graphene acts differently. In the 
mixture, graphene can prevent agglomeration, while in the nanocomposite; it can also be an 
electron acceptor, which means less holes- electrons recombination and more photocatalytic 
reactivity toward oxidation reactions.  
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Figure ‎5.31 : WO3/Gn composite VS. WO3/Gn mixture 
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5.2.8 Effect of different alcohols 
The photocatalytic oxidation of benzyl alcohol, 4-methoxy benzyl alcohol and cinnamyl 
alcohol were studied under the optimal conditions. Figure 5.32 indicates that Pt/WO3 
photocatalytic activity was the highest in case of cinnamyl alcohol with conversion of 84%, 
then benzyl alcohol with 78% and 4-methoxy benzyl alcohol with 74%, and that probably 
because of the difference between those alcohols in the chemical structures. Hydroxyl group 
is adjacent to a double bond in cinnamyl alcohol. However, it is adjacent to a benzene ring 
that could make the alcohol group sterically hindered in both benzyl alcohol and 4-methoxy 
benzyl alcohol. The methoxy group in 4-methoxy benzyl alcohol obviously decreased the 
photocatalytic activity probably due to its electron donating properties. 
 Similarly, figure 5.32 shows that Pt/WO3/Gn photocatalytic activity has the same order with 
higher conversions values (90% in cinnamyl alcohol, 83% in benzyl alcohol and 80% in 4-
methoxy benzyl alcohol). Table 5.1 shows the chemical structure of the studied alcohols. 
5.2.9  Effect of different catalysts  
Nanostructured tungsten oxide was modified by adding platinum nanoparticles and/or 
graphene. Figure 5.32 compares between the photocatalytic activity of Pt/WO3, WO3/Gn and 
Pt/WO3/Gn. It shows that the photocatalytic activity of Pt/WO3 is much better compared to 
WO3/Gn. It also shows that the best catalyst is Pt/WO3/Gn for all the studied alcohols. 
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Table ‎5.1 : The chemical structure of the studied alcohols 
Alcohol name Alcohol structure 
Benzyl alcohol 
 
4-methoxy benzyl alcohol 
 
Cinnamyl alcohol 
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Figure ‎5.32 : Effect of different catalysts and alcohols 
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5.2.10  Reaction mechanism 
Photocatalytic oxidation of benzyl alcohol occurs by eliminating two hydrogen atoms from 
the molecule, while the elimination of hydrogen adjacent to carbon in the first stage is most 
likely due to the thermodynamical stability of such species by resonance compared to the 
hydrogen adjacent to oxygen elimination case [70]. 
 
 
Figure 5.33 shows a representation of the reaction mechanism under sunlight radiation. The 
representation indicates that both platinum nanoparticles and graphene improves the 
photocatalytic activity of tungsten oxide by reducing the electron-hole recombination. 
However, platinum nanoparticles can also improve the photocatalytic activity by catalyzing 
hydrogen reduction on its surface which is probably the reason of the superiority of platinum 
nanoparticles over graphene in improving the photocatalytic activity of tungsten oxide. 
To study the role of the oxygen gas in the mechanism of the photocatalytic reaction, O2 and 
N2 were bubbled during the reaction. Figure 5.34 depicts the comparison between the 
bubbling of O2, N2 and working normally under air. Oxygen bubbling increases the 
conversion of alcohol very slightly due probably to the aerobic oxidation of alcohols.  
Nitrogen bubbling was performed to study the effect of O2 absence. Figure 5.34 shows that 
nitrogen bubbling slightly decreases the photocatalytic activity which means that oxygen is 
not part of the reaction mechanism. Instead, oxidation could take place on the surface of the 
catalyst. 
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The selectivity of the reaction justified by the fact that oxidation of alcohol to aldehyde is 
oxidative dehydrogenation reaction which means no oxygen atoms is added to the molecule. 
However, other competitive reaction like further oxidation of aldehyde to carboxylic acid or 
oxidation of benzene ring requires adding of oxygen atoms which is not possible under the 
prepared catalyst due to the fact that O2 can’t be reduced on the catalyst surface. 
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Figure ‎5.33 : Representation of the reaction mechanism 
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Figure ‎5.34 : Effect of oxygen bubbling 
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6 CHAPTER 6 
CONCLUSION AND RECOMMENDATIONS 
6.1 Conclusion  
 Synthesis and characterization of nanostructured tungsten oxide/ graphene composite was 
investigated. The photocatalytic oxidation of specific alcohols was studied under different 
concentrations and conditions. The main conclusions from this thesis would include: 
 The presence of hydrochloric acid and/or oxalic acid in the hydrothermal synthesis 
hugely affects the morphology and the size of the synthesized nanostructured tungsten 
oxide crystals. 
 Oxalic acid presence in the hydrothermal preparation significantly increase the surface 
area of the nanostructured tungsten oxide and hydrochloric acid presence lead to 
partial reduction of tungsten oxide. However, tungsten oxide prepared in the presence 
of hydrochloric acid shows better photocatalytic activity than that prepared in the 
presence of oxalic acid. 
 The photocatalytic activity of tungsten oxide toward oxidation of alcohols drastically 
improved when platinum nanoparticles was deposited on its surface while the 
improvement is quite well in the case of WO3/graphene composite. 
 Pt/ WO3/graphene can be used as an alternative and appropriate photocatalyst for the 
selective oxidation of alcohols in aqueous solutions under simulated sunlight. 
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6.2 Recommendations: 
 
 Oxidation of different sort of organic compound should be investigated. 
 Pt/ WO3/Gn should be applied on other photocatalytic applications like O2 and H2 
production. 
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APPENDIXES 
Appendix A: GC-MS running parameter 
GC Program  
 
Column Oven Temp.       :  50.0 °C 
Injection Temp.               : 200.00 °C 
InjectionMode                 : Splitless 
Sampling Time               : 1.00 min 
FlowControl Mode         : Pressure 
Pressure                          : 14.3 kPa 
Total Flow                      : 5.0 mL/min 
Column Flow                 : 1.50 mL/min 
Linear Velocity              : 44.4 cm/sec 
Purge Flow                     : 3.0 mL/min 
Split Ratio                      : -1.0 
High Pressure Injection : OFF 
Carrier Gas Saver          : OFF 
Fan Starting Temp.        : 50.0 °C and less 
Oven Temp. Program : 
 
Rate        Temperature(°C)           Hold Time(min) 
  -                   50.0                               0.00 
10.00            160.0                              0.00 
External Wait :No 
EquilibriumTime :3.0 min 
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MS program  
 
Micro ScanWidth      :      0.00 amu 
IonSourceTemp         :      200.00 °C 
Interface Temp.         :      250.00 °C 
Solvent Cut Time      :      2.00 min 
Detector Gain Mode :      Relative 
Detector Gain           :      +0.20 kV 
Start Time                 :       2.00 min 
End Time                  :       11.00 min 
ACQMode                :        SIM 
Event Time               :        0.30sec 
 
 
Alcohol Ch1-m/z Ch2-m/z 
4-methoxybenzyl alcohol 109.00 135.00 
Cinnamyl alcohol 115.00 103.00 
Benzyl alcohol 108.00 106.00 
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Appendix B: Detailed BET analysis of WO3 
WO3-A: 
Surface Area: 
  Single point surface area at p/p° = 0.219654563:                                         5.8483 m²/g    
BET Surface Area:                                                                                          1.0678 m²/g    
Langmuir Surface Area:                                                                                  7.0155 m²/g    
t-Plot Micropore Area:                                                                                    7.1775 m²/g    
t-Plot External Surface Area:                                                                         -6.1097 m²/g   
BJH Adsorption cumulative surface area of pores 
 between 17.000 Å and 3000.000 Å width:                                                     3.896 m²/g     
BJH Desorption cumulative surface area of pores 
 between 17.000 Å and 3000.000 Å width:                                                     5.1760 m²/g    
Pore Volume: 
  Single point adsorption total pore volume of pores                      
less than 740.961 Å width at p/p° = 0.973168064:                                    0.018217 cm³/g   
 t-Plot micropore volume:    0.005409 cm³/g   
BJH Adsorption cumulative volume of pores 
 between 17.000 Å and 3000.000 Å width:                                                0.041595 cm³/g   
BJH Desorption cumulative volume of pores                      
between 17.000 Å and 3000.000 Å width:                                                 0.041595 cm³/g   
Pore Size: 
  Adsorption average pore width (4V/A by BET):                                              682.3969 Å   
 BJH Adsorption average pore width (4V/A):                                                      427.012 Å    
 BJH Desorption average pore width (4V/A):                                                      321.447 Å    
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 WO3-B: 
Surface Area: 
Single point surface area at p/p° = 0.200866391:                                            42.8682 m²/g   
 BET Surface Area:                                                                                           2.9077 m²/g    
Langmuir Surface Area:                                                                                  58.3968 m²/g   
t-Plot External Surface Area:                                                                          26.1942 m²/g   
BJH Adsorption cumulative surface area of pores                    
            between 17.000 Å and 3000.000 Å width:                                          32.562 m²/g    
BJH Desorption cumulative surface area of pores                    
           between 17.000 Å and 3000.000 Å width:                                            41.3348 m²/g   
 Pore Volume: 
Single point adsorption total pore volume of pores                      
     less than 890.003 Å width at p/p° = 0.977753400:                                 0.104656 cm³/g   
 t-Plot micropore volume:                                                                             0.007598 cm³/g   
BJH Adsorption cumulative volume of pores                      
           between 17.000 Å and 3000.000 Å width:                                        0.106940 cm³/g   
 BJH Desorption cumulative volume of pores                      
               between 17.000 Å and 3000.000 Å width:                                    0.111408 cm³/g   
Pore Size: 
Adsorption average pore width (4V/A by BET):                                            1439.6834 Å   
BJH Adsorption average pore width (4V/A):                                                     131.368 Å     
BJH Desorption average pore width (4V/A):                                                     107.810 Å     
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WO3-C: 
Surface Area: 
Single point surface area at p/p° = 0.199758738:                                           28.2035 m²/g   
BET Surface Area:                                                                                          29.1484 m²/g   
Langmuir Surface Area:                                                                                 40.4485 m²/g   
t-Plot Micropore Area:                                                                                    2.9881 m²/g    
t-Plot External Surface Area:                                                                         26.1603 m²/g   
BJH Adsorption cumulative surface area of pores                    
            between 17.000 Å and 3000.000 Å width:                                            29.184 m²/g    
BJH Desorption cumulative surface area of pores                    
            between 17.000 Å and 3000.000 Å width:                                           31.6754 m²/g   
Pore Volume: 
Single point adsorption total pore volume of pores                      
     less than 768.415 Å width at p/p° = 0.974148604:                                 0.056385 cm³/g   
t-Plot micropore volume:                                                                             0.001086 cm³/g   
BJH Adsorption cumulative volume of pores                      
             between 17.000 Å and 3000.000 Å width:                                      0.061659 cm³/g   
BJH Desorption cumulative volume of pores                      
               between 17.000 Å and 3000.000 Å width:                                    0.061209 cm³/g   
Pore Size: 
Adsorption average pore width (4V/A by BET):                                                 77.3769 Å   
BJH Adsorption average pore width (4V/A):                                                        84.511 Å    
BJH Desorption average pore width (4V/A):                                                        77.296 Å    
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Appendix C: Detailed PSA analysis of WO3 
WO3-A: 
Summary Data 
 MV(um): 115.6 
 MN(um): 0.657 
 MA(um): 5.32 
 CS: 1.128 
 SD: 116.7 
   
 Mz: 109.0 
 si: 105.2 
 Ski: 0.372 
 Kg: 0.707 
   
 
Percentiles 
 
%Tile Size(um) 
 10.00 1.310 
 20.00 8.25 
 30.00 29.94 
 40.00 56.69 
 50.00 85.96 
 60.00 126.1 
 70.00 174.8 
 80.00 219.0 
 90.00 269.6 
 95.00 309.6 
 
Peaks 
Dia(um) Vol % Width 
107.0000 88.60 227.1000 
0.7870 11.40 0.6680 
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WO3-B: 
Summary Data 
 MV(um): 36.41 
 MN(um): 0.648 
 MA(um): 1.170 
 CS: 5.13 
 SD: 57.03 
   
 Mz: 38.80 
 si: 59.89 
 Ski: 0.993 
 Kg: 9.22 
 
Percentiles 
 
%Tile Size(um) 
 10.00 0.580 
 20.00 0.643 
 30.00 0.712 
 40.00 0.814 
 50.00 1.102 
 60.00 2.035 
 70.00 5.50 
 80.00 51.83 
 90.00 164.2 
 95.00 207.6 
 
Peaks 
Dia(um) Vol % Width 
151.3000 23.50 166.6000 
0.7920 76.50 2.3170 
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Appendix D: the photocatalysis reactions 
 
Different WO3:  
 
Bulky WO3   
Time (hours) 
Concentration of alcohol 
mmol/L 
0 1 
2 1 
4 0.99 
6 0.99 
8 0.99 
10 0.99 
12 0.99 
 
Nanostructured WO3-A 
Time (hours) 
Concentration of alcohol 
mmol/L 
0 1 
2 0.98 
4 0.97 
6 0.97 
8 0.96 
10 0.96 
12 0.95 
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Nanostructured WO3-B 
Time (hours) 
Concentration of alcohol 
mmol/L 
0 1 
2 0.99 
4 0.99 
6 0.99 
8 0.98 
10 0.98 
12 0.98 
 
Nanostructured WO3-C 
Time (hours) 
Concentration of alcohol 
mmol/L 
0 1 
2 0.98 
4 0.97 
6 0.97 
8 0.96 
10 0.96 
12 0.96 
 
 
 
 
 
 
86 
 
The absence of irradiation and catalyst: 
 
Nanostructured WO3-C without the irradiation 
Time (hours) 
Concentration of alcohol 
mmol/L 
0 1 
2 1 
4 1 
6 1 
8 1 
10 1 
12 1 
 
Irradiation without catalyst 
Time (hours) 
Concentration of alcohol 
mmol/L 
0 1 
2 1 
4 1 
6 1 
8 1 
10 1 
12 1 
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Catalyst concentration:  
 
Concentration of the catalyst: 0.5 g/L 
Time (hours) 
Concentration of alcohol 
mmol/L 
0 1 
2 0.94 
4 0.91 
6 0.89 
8 0.87 
10 0.86 
12 0.85 
 
Concentration of the catalyst: 1 g/L 
Time (hours) 
Concentration of alcohol 
mmol/L 
0 1 
2 0.79 
4 0.68 
6 0.62 
8 0.58 
10 0.55 
12 0.51 
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Concentration of the catalyst : 2 g/L 
Time (hours) 
Concentration of alcohol 
mmol/L 
0 1 
2 0.72 
4 0.62 
6 0.56 
8 0.5 
10 0.45 
12 0.41 
 
Concentration of the catalyst : 3 g/L 
Time (hours) 
Concentration of alcohol 
mmol/L 
0 1 
2 0.7 
4 0.55 
6 0.46 
8 0.4 
10 0.35 
12 0.31 
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Alcohol concentration: 
 
Concentration of the alcohol: 0.5 mmol/L 
Time (hours) 
Concentration of alcohol 
mmol/L 
0 0.5 
2 0.43 
4 0.39 
6 0.36 
8 0.33 
10 0.3 
12 0.28 
 
Concentration of the alcohol: 1 mmol/L 
Time (hours) 
Concentration of alcohol 
mmol/L 
0 1 
2 0.79 
4 0.68 
6 0.62 
8 0.58 
10 0.55 
12 0.51 
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Concentration of the alcohol: 1.5 mmol/L 
Time (hours) 
Concentration of alcohol 
mmol/L 
0 1.5 
2 1.04 
4 0.75 
6 0.53 
8 0.42 
10 0.37 
12 0.33 
 
Concentration of the alcohol: 2 mmol/L 
Time (hours) 
Concentration of alcohol 
mmol/L 
0 2 
2 1.51 
4 1.31 
6 1.19 
8 1.12 
10 1.05 
12 0.98 
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Platinum content: 
 
Platinum percentage in Pt/WO3:  0.5 % 
Time (hours) 
Concentration of alcohol 
mmol/L 
0 1 
2 0.96 
4 0.93 
6 0.91 
8 0.89 
10 0.88 
12 0.87 
 
Platinum percentage in Pt/WO3: 1 % 
Time (hours) 
Concentration of alcohol 
mmol/L 
0 1 
2 0.79 
4 0.68 
6 0.62 
8 0.58 
10 0.55 
12 0.51 
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Platinum percentage in Pt/WO3: 1.5 % 
Time (hours) 
Concentration of alcohol 
mmol/L 
0 1 
2 0.75 
4 0.63 
6 0.54 
8 0.47 
10 0.42 
12 0.39 
 
Platinum percentage in Pt/WO3: 2 % 
Time (hours) 
Concentration of alcohol 
mmol/L 
0 1 
2 0.74 
4 0.61 
6 0.52 
8 0.44 
10 0.39 
12 0.35 
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Platinum percentage in Pt/WO3: 2.5 % 
Time (hours) 
Concentration of alcohol 
mmol/L 
0 1 
2 0.76 
4 0.63 
6 0.53 
8 0.48 
10 0.43 
12 0.4 
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Different alcohols with Pt/WO3: 
 
4-methoxy benzyl alcohol with Pt/WO3 
Time (hours) 
Concentration of alcohol 
mmol/L 
0 1.5 
2 1.21 
4 0.98 
6 0.742 
8 0.61 
10 0.49 
12 0.38 
 
Cinnamyl alcohol with Pt/WO3 
Time (hours) 
Concentration of alcohol 
mmol/L 
0 1.5 
2 1.12 
4 0.84 
6 0.64 
8 0.492 
10 0.36 
12 0.238 
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O2 and N2 bubbling:  
 
O2 bubbling under optima  
Time (hours) 
Concentration of alcohol 
mmol/L 
0 1 
2 0.81 
4 0.69 
6 0.6 
8 0.52 
10 0.47 
12 0.43 
 
N2 bubbling under optima  
Time (hours) 
Concentration of alcohol 
mmol/L 
0 1 
2 0.82 
4 0.7 
6 0.63 
8 0.58 
10 0.55 
12 0.52 
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Graphene content in WO3/Gn 
 
Graphene percentage in WO3/Gn: 0.5 % 
Time (hours) 
Concentration of alcohol 
mmol/L 
0 1.5 
2 1.46 
4 1.44 
6 1.42 
8 1.39 
10 1.37 
12 1.36 
 
Graphene percentage in WO3/Gn : 1 % 
Time (hours) 
Concentration of alcohol 
mmol/L 
0 1.5 
2 1.47 
4 1.45 
6 1.43 
8 1.41 
10 1.39 
12 1.39 
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Graphene percentage in WO3/Gn: 2.5 % 
Time (hours) 
Concentration of alcohol 
mmol/L 
0 1.5 
2 1.48 
4 1.46 
6 1.45 
8 1.43 
10 1.42 
12 1.42 
 
Graphene percentage in WO3/Gn: 5 % 
Time (hours) 
Concentration of alcohol 
mmol/L 
0 1.5 
2 1.49 
4 1.48 
6 1.48 
8 1.47 
10 1.47 
12 1.46 
 
 
 
 
 
 
98 
 
Different alcohols with WO3/Gn nanocomposite: 
 
Benzyl alcohol with WO3/Gn nanocomposite  
Time (hours) 
Concentration of alcohol 
mmol/L 
0 1.5 
2 1.43 
4 1.38 
6 1.34 
8 1.31 
10 1.28 
12 1.26 
 
4-methoxy benzyl alcohol with WO3/Gn nanocomposite 
Time (hours) 
Concentration of alcohol 
mmol/L 
0 1.5 
2 1.46 
4 1.43 
6 1.41 
8 1.39 
10 1.38 
12 1.38 
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Cinnamyl alcohol with WO3/Gn nanocomposite  
Time (hours) 
Concentration of alcohol 
mmol/L 
0 1.5 
2 1.45 
4 1.41 
6 1.37 
8 1.34 
10 1.32 
12 1.3 
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Different alcohols with Pt/WO3/Gn nanocomposite: 
 
Benzyl alcohol with Pt/WO3/Gn nanocomposite 
Time (hours) 
Concentration of alcohol 
mmol/L 
0 1.5 
2 1.2 
4 0.94 
6 0.73 
8 0.52 
10 0.38 
12 0.25 
 
4-methoxy benzyl alcohol with Pt/WO3/Gn nanocomposite 
Time (hours) 
Concentration of alcohol 
mmol/L 
0 1.5 
2 1.11 
4 0.75 
6 0.55 
8 0.41 
10 0.35 
12 0.29 
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Cinnamyl alcohol with Pt/WO3/Gn nanocomposite 
Time (hours) 
Concentration of alcohol 
mmol/L 
0 1.5 
2 1.11 
4 0.78 
6 0.57 
8 0.38 
10 0.22 
12 0.146 
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